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Genomic Imprinting, Mammalian Minireview
Evolution, and the Mystery
of Egg-Laying Mammals
New Guinea. They show some of the key mammalian
characteristics, including the possession of hair, lacta-
tion, thermoregulation, and a highly developed brain
with an enlarged neocortex (Gregory, 1947; Krubitzer,
1998).
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United Kingdom However, monotremes also display reptile-like fea-
tures in their skeleton, they lack teeth, their spermato-
genesis is akin to that in birds, and they lay eggs. Fur-
thermore, they have telolecithal (yolky) oocytes, coupledMammals originated from lizard-like animals nearly 300
with meroblastic cleavage divisions, as opposed to ho-million years ago. The extant groups consist of mono-
loblastic cleavage divisions in marsupials and eutheri-tremes, marsupials, and eutherians. They exhibit a pro-
ans (Figure 1). But, unlike reptiles and birds, early devel-gressive trend toward internal development and vivi-
opment in monotremes within the egg occurs in uteroparity, which required many adaptations concerning
over several weeks as the egg shell stretches to accom-development, physiology, and regulation of gene ex-
modate the growing embryo that is nourished by endo-pression. Genomic imprinting is an unusual mode of
metrial secretions.gene regulation amongst eutherians, which is responsi-
Despite these distinctive characteristics, Gregoryble for the functional differences between parental ge-
(1947), a leading mammologist, argued that monotremesnomes, a developmental mechanism that is apparently
and marsupials belong to a shared clade, based on hisunique amongst vertebrates. Approximately 40 genes
with diverse functions affecting growth, differentiation analysis of common derived characteristics (Figure 2).
and behavior are currently known to be ªimprintedº in More recent molecular genetic evidence has produced
the germline that results in the subsequent expression conflicting views. Using nucleotide sequence analysis
of only one parental allele in somatic tissues of mice from neurotrophin genes, Kullander et al. (1997) sup-
and humans. It is not known if genomic imprinting has ported the early split of monotremes from the marsupial-
a significant role in the other mammalian groups. eutherian clade. By contrast, analysis of mitochondrial
The predominant evolutionary theory for genomic im- DNA suggested a shared lineage for marsupials and
printing is that of ªparental conflict,º which focused on monotremes that is distinct from eutherians, which sup-
the nutritional needs of the developing fetus that are ports Gregory's conclusion of over 50 years ago (Janke
met by the mother via a placenta, and through lactation et al., 1996). It is important to bear this in mind when
after birth (Haig and Graham, 1991). The asymmetry interpreting evidence for imprinting amongst mamma-
between parental contributions to the developing fetus lian groups.
is suggested to be regulated by the differential expres- Genomic Imprinting and Mammalian Evolution
sion of imprinted genes. This, at least in part, is achieved The first imprinted genes to be identified in mice were
through their effects on development of the extraembry- the insulin-like growth factor 2 (Igf2) and one of its recep-
onic tissues and placental functions. While fetal devel- tors, M6p/Igf2r. Igf2 is a potent growth factor, which is
opment is less extensive in marsupials, a placenta sup- expressed only from the paternal allele. By contrast,
ports such development, albeit through a less elaborate only the maternal allele of the M6p/Igf2r gene is active.
noninvasive choriovitelline placenta. The M6P/IGF2R protein is not involved in signal trans-
To gain a greater insight into the evolution of im- duction but acts to sequester excess IGF2 (and other
printing, it is necessary to focus on other mammalian proteins) and transport it to lysosomes for destruction.
characteristics, such as the impact of the trophectoderm Thus, M6p/Igf2r restricts fetal overgrowth while Igf2 pro-
lineage on early development, and the considerable in- motes it and these two oppositely imprinted genes act
crease in brain size with the nonlinear expansion of the together to regulate embryonic growth. Other imprinted
neocortex. More particularly, it is essential to scrutinize genes may also have a role in growth regulation.
the mechanism of imprinting through increased under-
Recent studies in marsupials confirmed that both IGF2
standing of the cis-regulatory regions.
and M6P/IGF2R are imprinted in the South AmericanThe Evolutionary Relationships
opossum and also show expression of the paternal andamongst Mammalian Groups
maternal alleles, respectively (Killian et al., 2000; O'NeillTo fully appreciate the evolutionary significance of geno-
et al., 2000). Furthermore, the linkage of IGF2 to H19mic imprinting, it is important first to address the current
(an imprinted gene with maternal allele-specific expres-conundrum concerning the position of monotremes
sion), as well as that of the SNRPN and ZNF127 im-amongst these groups. Monotremes have commonly
printed genes, is also conserved in the tammar wallabybeen regarded as the earliest mammalian lineage pre-
(Toder et al., 1996). Since the majority of imprinted genesceding the later divergence of marsupials and the
are organized in clusters, such synteny could be veryeutherian mammals. There are only three species of mono-
significant and may be taken to indicate the presence oftremes, the duck-billed platypus and two spiny anteat-
essential cis-regulatory elements within these domainsers, the echidnas that are found only in Australia and
(see Koonin et al., 2000 [this issue of Cell]). More notably,
M6P/IGF2R is not imprinted in monotremes, in either* To whom correspondence should be addressed (e-mail: as10021@
mole.bio.cam.ac.uk). platypus or echidna (Killian et al., 2000). The lack of
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Figure 1. Mammalian Oocytes and Early De-
velopment
Monotreme oocytes contain large amounts
of yolk (telolecithal), the marsupial eggs are
less yolky, and this is largely absent in euthe-
rian mammals. A consequence of telolecithal
oocytes is that the early cleavage divisions
in monotremes are meroblastic, which is typi-
cal of yolky zygotes, as opposed to holoblas-
tic in marsupial and eutherian mammals. De-
velopment in monotremes is accompanied by
the formation of the blastodisc (bd). In marsu-
pials, blastomeres flatten against the zona
pellucida and subsequently a unilaminar
blastocyst develops without the formation of
a morula. The unilaminar blastocyst contains
epiblast (ep) and trophectoderm (te) cells.
Early eutherian development is accompanied
by the formation of a morula in almost all
instances and a multilayered blastocyst with
the inner cell mass (icm), which contains epi-
blast cells, and the outer trophectoderm (te)
cells. Placentae of various types develop in
marsupials and eutherian mammals followed
by fetal development in utero and live birth.
Monotreme fetal development in utero is
partly supported by endometrial secretions
before they lay their eggs and subsequent
development continues.
imprinting of M6P/IGF2R in monotremes could be con- and its size varies in accordance with the advanced
position of the animal. In prosimians, the neocortex oc-sidered to support the view that they represent the earli-
est mammalian forms and that genomic imprinting origi- cupies 54% of the total brain weight, while in basal
insectivores it occupies only 13%. The opossum neocor-nated later in the marsupial and eutherian lineages.
However, if the view of the shared monotreme-marsupial tex occupies 22% of its brain weight, while in mono-
tremes the neocortex is also highly developed (Kru-clade prevails, then genomic imprinting in eutherians
and marsupials could have evolved independently, or it bitzer, 1998), occupying almost 45% of the total brain
weight.must be considered that the monotremes subsequently
lost this form of gene regulation. It may be significant that a large number of imprinted
genes are expressed in the brain and the pituitary. TheWhile development in monotremes occurs in ovo, it
is nevertheless reliant on endometrial secretions and in potential role of imprinted genes in brain development
is suggested by the nonrandom distribution of cells withthis way there is a significant maternal contribution to
fetal growth, just as in marsupials. This may suggest duplicated paternal (AG: androgenetic) or maternal (GG:
gynogenetic) genomes in chimeric brains with normalthat the struggle for maternal resources in utero, as
proposed by the ªparental conflictº hypothesis (Haig cells (Keverne, 1997). AG cells contribute mainly to the
hypothalamus and other areas important for primaryand Graham, 1991), is not the major factor for the evolu-
tion of imprinting. Clearly more genes need to be tested motivated behavior, while GG cells predominantly accu-
mulate within the neocortex and the striatum, areas in-before reaching firm conclusions.
The other factor to consider is that of accretion of new volved in more complex brain functions.
Expression of imprinted genes in the brain and pitu-domains by proteins during evolution, such as those
involved in chromatin remodeling and transcriptional itary could be crucial to mammalian physiology through
central regulation of reproduction by hormonal primingregulation (Koonin et al., 2000). In this context, it is nota-
ble that the homolog of the M6PR/IG2R gene in mono- for development, lactation, and maternal behavior (Li et
al., 1999). Monotremes must rely equally on hormonaltremes cannot bind IGF2, a property it shares with the
amphibian and chicken genes (Killian, 2000). In these regulation for the coordination between ovulation, em-
bryonic development, endometrial secretions, and lac-species, the receptor only binds phosphomannosyl gly-
coproteins. IGF2 binding is seen with the eutherian and tation. It will be interesting to explore if there is an over-
lap between the expression patterns of genes in themarsupial receptors although this binding ability is rela-
tively weak in marsupials. The lack of IGF2 binding by the brain amongst mammalian groups, in addition to de-
termining if they are also subject to imprinting.monotreme receptor obviates the need for its imprinting
since this function is apparently linked with the role of Mechanism of Imprinting and the ªEvolvabilityº
of cis-Control Elementsthe receptor for sequestering excess IGF2.
Genomic Imprinting, Brain Development How can a gene, such as Igf2, which regulates growth
in all vertebrates, acquire an imprint in mammals so thatand Functions in Mammals
The mammalian brain represents a significant increase its expression only occurs when paternally inherited?
A deeper understanding of the evolution of genomicin size through the nonlinear expansion of the neocortex,
Minireview
587
Figure 2. Evolutionary Relationships amongst Mammalian Groups
(A) Based on some traditional morphological criteria and nucleotide Figure 3. The cis-Control Regions Involved in Genomic Imprinting
sequence data from the neurotrophins, the origin of Prototheria in Eutherian Mammals
(monotremes) represents the first divergence from the lineage that (A) The mouse M6p/Igf2r gene consists of a CpG island (also called
gave rise to marsupials and eutherians. Estimates for times of sepa- DMR2) in the second intron that is methylated on the maternal
ration are 145 MYR BP for Theria-Prototheria and 130 MYR BP for chromosome (green lollipops) but unmethylated on the paternal
marsupials and eutherians. chromosome (white lollipops); the M6p/Igf2r transcript is detected
(B) Based on mitochondrial DNA analysis and morphological criteria, from the maternal chromosome only (see text). The DMR2 region
the first divergence amongst mammals led to Marsupionta (mono- has two cis-regulatory elements, the de novo methylation signal
tremes and marsupials) on the one hand, and eutherians on the (DNS) and the allele discrimination signal (ADS) (based on Birger et
other. al., 1999). No DMR2-like region was detected in the marsupial M6P/
IGF2R gene.
(B) Modular organization of a cis-control region upstream of the H19
gene is methylated (green lollipops) on the paternal chromosomeimprinting could come from a detailed analysis of the
but is hypersensitive to DNase 1 (vertical arrows) on the maternalcis-regulatory elements and the mechanism of im-
chromosome. The region includes a silencer element (red box). Theprinting itself amongst the mammalian groups. Control
maternal region binds CTCF and acts as an insulator to prevent Igf2
regions can often be complex displaying both functional interaction with the downstream enhancers, E (SzaboÂ et al., 2000).
redundancy as well as divergent functions. The multi- (C) Imprinting control region associated with the SNRPN gene. The
functional roles performed by the cis-regulatory regions maternal region is methylated and the paternal region is undermeth-
ylated. There is an interaction between AS-SRO and PWS-SRO toare due to their modular organization. The control re-
initiate and maintain appropriate epigenetic modifications of thegions acquire these functions through individual ele-
parental domains (Bielinska et al., 2000). The apparent differencesments within them that are free to evolve independently
amongst all these cis-control regions may be a reflection of the
(Carroll, 2000 [this issue of Cell]). These modifications unique way in which different clusters of imprinted genes are regu-
are essential for introducing changes in the temporal lated.
and spatial regulation of gene expression, which is cru-
cial during evolution.
There does appear to be less DNA sequence conser- the basis for these variations could provide significant
insights into the origin of their control regions.vation amongst the imprinting cis-control regions (but
not amongst the enhancer elements) in mice and hu- There is evidence to suggests that the cis-regulatory
regions that are associated with M6p/Igf2r, Snrpn, andmans. Nevertheless, the underlying mechanisms involv-
ing chromatin structural modifications and epigenetic H19 imprinted genes are quite complex (Thorvaldsen et
al., 1998; Birger et al., 1999; Bielinska et al., 2000; Lyleinheritance are probably similar amongst eutherians.
The lack of sequence conservation may explain a lack et al., 2000; SzaboÂ et al., 2000), and that they have
diverse functions, which is particularly clear at presentof absolute consistency in the extent of repression of
the silent parental allele for some genes, including M6P/ for the H19 gene (see Figure 3). Remarkably, some ele-
ments from within imprinting cis-control regions canIGF2R and p57Kip2 in mice and humans. Understanding
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311±321.allele-specific expression (Killian et al., 2000). How this
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1997). Significantly, the paternal X chromosome is also
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Conclusion
The evolutionary theories concerning imprinting have
mainly focused on imprinted gene functions, and on
growth regulation in particular. It is important to consider
in much greater detail aspects of early embryonic devel-
opment. For example, the necessity for the trophecto-
derm lineage in marsupials and eutherians and its im-
pact on early development, as well as brain development
and function, should also be considered. There are dis-
tinct physiological requirements concerning reproduc-
tion and embryonic development in utero that may be
regulated centrally by the brain.
A deeper insight into the evolution of genomic im-
printing and its link with mammalian evolution could also
emerge from a close examination of the mechanisms of
imprinting amongst the mammalian groups. In particu-
lar, a detailed analysis of the cis-control elements, their
mode of action in the initiation, the molecular character
of the imprints, and their inheritance could illuminate
how the phenomenon may have originated and played
a part in the emergence of mammals.
